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A knowledge of  t h e  dynamics o f  motion of  burning p a r t i c l e s  and d rop le t s  
is  important i n  heterogeneous combustion i n  multi-phase flow systems. In  
t h i s  paper  t h e  dynamics of 200-500 micron aluminum d r o p l e t s  which burn as they  
f a l l  through s tagnant  ambient a i r  are examined. The s t a r t i n g  hypothesis was 
t h a t  t h e  e f f e c t i v e  drag force  experienced by a burning d rop le t  should be q u i t e  
d i f f e r e n t  than t h a t  p red ic t ed  f o r  an equivalent  non-burning d rop le t  f a l l i n g  i n  
t h e  same medium. 
C .  T. Crowe, J .  A. Nichol ls  and R. B. Morrison' summarized the ea r l i e r  
experimental  resul ts  on t h e  drag c o e f f i c i e n t s  of burning p a r t i c l e s .  
t hese  da t a  l a r g e l y  p e r t a i n  t o  burning hydrocarbon d rop le t  systems, which 
d i f f e r  i n  many r e spec t s  from t h e  burning aluminum system, t h e  ex t r apo la t ion  
of r e s u l t s  t o  t h e  present  s tudy  is  h ighly  quest ionable .  In t h e i r  experiments 
Since 
Crowe, e t  a1 examined burning gun powder p a r t i c l e s  acce le ra t ing  i n  a gas 
stream, and found an inc rease  i n  t h e  drag c o e f f i c i e n t  as compared t o  t h e  
s tandard drag curve f o r  spheres .  
o f  burning carbon spheres and found an increase  i n  t h e  drag. 
burning metal d rop le t s  appears t o  have been l a r g e l y  neglec ted .  
Leont1yeva2 measured t h e  drag c o e f f i c i e n t s  
The drag of 
The effect  o f  combustion upon drag can be seen from t h e  development of  
t h e  momentum equat ion f o r  a v a r i a b l e  mass. 
a s t r a i g h t  l i n e  with v e l o c i t y  V a t  time t .  
mass -dM a t  a v e l o c i t y  u along t h e  same s t r a i g h t  l i n e .  The time ra te  of  
change of momentum f o r  t h i s  system can be  derived3 as 
Consider a mass M t r a v e l i n g  along 
A t  time t + d t  szlppose mass M ejects 
dG - M dV + (V - u) dM 
d t  d t  d t  
- _  - - 1 
2 
Equating t h e  time rate  of  change of  momentum t o  t h e  summation o f  ex te rna l  
forces  w e  have t h e  momentum equat ion f o r  a system of  v a r i a b l e  mass. 
C F = M d V + d M  ( V - U )  - -  
d t  d t  
2 
Applying t h i s  equat ion t o  a d rop le t  f a l l i n g  i n  a i r  and neglec t ing  t h e  buoyant 
fo rce ,  t h e  equat ion f o r  drag fo rce  is  then 
D = Mg + M dV + DR - 
d t  
3 
where M y  g, V,  dV/dt are t h e  p a r t i c l e s  mass, acce le ra t ion  of  g r a v i t y ,  v e l o c i t y  
and t h e  p a r t i c l e s  acce le ra t ion  r e spec t ive ly .  D .  i s  t h e  fo rce  component i n  
t h e  d i r e c t i o n  of  f a l l  r e s u l t i n g  from t h e  i n t e g r a t i o n  of  [(V - u) dm/dt] over 
t h e  p a r t i c l e  su r face .  
M 
Thus t h e  drag force  d i f f e r s  from t h e  non-burning 
s t e a d y - s t a t e  case by terms which account f o r  t h e  mass exchange and t h e  r e s u l t -  
i ng  acce le ra t ion .  The drag c o e f f i c i e n t  i s  then  given by 
c =  D D 
1 / 2 p  V2A 4 
where p is t h e  dens i ty  of  t h e  s tagnant  medium and A i s  t h e  p ro jec t ed  f r o n t a l  
area of t h e  p a r t i c l e .  
Experimental - Technique 
Experiments t o  measure t h e  inf luence  o f  combustion on t h e  drag of  burn- 
F i r s t ,  a c lean and ing  aluminum drop le t s  have a unique s e t  of requirements.  
r ap id  high temperature i g n i t i o n  must be achieved. Secondly, an accura te  
h i s t o r y  o f  t h e  d r o p l e t ' s  r e l a t i v e  v e l o c i t y  and acce le ra t ion  must be determined. 
Thi rd ly ,  t h e  burning ra te  must be measured, and t h e  na ture  of burning must be  
charac te r ized .  Nelson used a f lash-hea t ing  technique t o  i g n i t e  high s p e c i f i c  4 
3 c 
area f o i l s  t o  s tudy t h e  combustionof zirconium d r o p l e t s  i n  a gaseous media. 
Prent ice5  adapted t h e  technique t o  s tudy c e r t a i n  aspec ts  o f  aluminum combustion. 
A similar technique of  i g n i t i o n  was employed i n  t h e  present  s tudy.  
aluminum f o i l s  o f  predetermined mass were dropped along t h e  a x i s  of  a h e l i c a l  
xenon f l a sh tube .  
s t o r e d  i n  a 1140 microfarad capac i to r  bank was discharged through t h e  f l a sh -  
tube and t h e  r e s u l t i n g  thermal r a d i a t i o n  caused r ap id  melt ing and i g n i t i o n  of  
t h e  f o i l .  
d rop le t  was i n  t h e  h e l i x  of t h e  f l a sh tube  i t s  displacement h i s t o r y  was observed 
by high speed cameras over t h e  e n t i r e  t r a j e c t o r y .  By i n t e r c e p t i n g  t h e  p a r t i c l e  
a t  some poin t  i n  t h e  t r a j e c t o r y ,  t h e  value of dM/dt may then be obtained by 
reweighing and comparing t o  t h e  o r i g i n a l  f o i l  mass. Since t h e  f l a sh tube  is 
separa ted  from t h e  gaseous ox id ize r ,  t h e  chemical composition, temperature,  
p ressure ,  and r e l a t i v e  v e l o c i t y  (zero i n  t h i s  case)  of  t h e  test  gas can be 
con t ro l l ed  t o  permit an i d e a l i z e d  examination of  t h e  drag c o e f f i c i e n t .  
Here small 
When t h e  f o i l  reached t h e  cen te r  of  t h e  h e l i x ,  24,000 jou le s  
With t h e  exclusion of t h e  small  per iod  of  time t h a t  t h e  burning 
The h igher  r e f l e c t i v i t y  of  un t rea ted  aluminum, a s  compared t o  zirconium 
i n  Nelson's s t u d i e s ,  n e c e s s i t a t e d  t h e  output of  a s u b s t a n t i a l l y  h igher  
i r r ad iance  from t h e  f l a sh tube .  To achieve t h i s  it was necessary t o  include a 
spark gap and induct ion  c o i l  i n t o  t h e  e lectr ical  c i r c u i t  so  t h a t  t h e  1140 
microfarad capaci tance bank could be charged above t h e  4000 v o l t  breakdown 
vol tage  of  t h e  General Electr ic  FT-625 f l a sh tube .  This bank was usua l ly  
charged t o  6500 v o l t s  which r ep resen t s  a t o t a l  power input  o f  24,000 jou le s .  
I g n i t i o n  of  t h e  f o i l s  was no t  obtained a t  energy values  much lower than t h i s .  
h 
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Behavior o f  t h e  Aluminum Droplet  
The primary o b j e c t i v e  of  t h e  experiment was t o  ob ta in  numerical values  
of t h e  drag c o e f f i c i e n t  a s  a func t ion  o f  Reynolds number f o r  d i f f e r e n t  burn- 
ing  aluminum drop le t  s i z e s .  I t  has  been poin ted  out  by P ren t i ce5  t h a t  xhen 
aluminum burns i n  a i r  it has a tendency t o  form oxide caps,  t o  s p i n ,  t o  j e t  
and t o  fragment.  
a r e  i l l u s t r a t e d  i n  t h e  s t i l l  p l a t e  s t r e a k  photograph of  Figure 1. The most 
obvious event  is t h a t  o f  f ragmentat ion.  Approximately t h r e e  q u a r t e r s  along 
t h e  t r a j e c t o r y  o f  t h e  burning d rop le t  a primary pu f f ing  event was observed. 
These events  in t roduce  u n c e r t a i n t i e s ,  and i f  t h e  values  of  t h e  drag c o e f f i c i e n t  
and corresponding Reynolds number a r e  t o  be meaningful, t h e  behavior  of t h e  
p a r t i c l e ,  i t s  flame zone and t h e  sequence of  events  t h a t  t h e s e  q u a n t i t i e s  
undergo must be wel l  cha rac t e r i zed .  
Some of  t h e s e  phenomena as observed i n  t h e  NASA-LRC s t u d i e s  
The r e s u l t s  r epor t ed  i n  t h i s  paper  a r e  f o r  f a l l i n g  d r o p l e t s  i n  t h e  200- 
500 micron range combusting i n  a i r  a t  atmospheric p re s su re .  
humidity was approximately 50 percent  and t h e  temperature  approximately 77'F. 
The r e l a t i v e  
In  many of t h e  experiments i n  which s t i l l  p l a t e  s t r e a k  photographs were 
taken ,  events  could be observed b u t  no t  cha rac t e r i zed .  Some i n s i g h t  i n t o  
t h i s  problem was obtained when a chopping d i s k  was incorpora ted  as a r ap id  
s h u t t e r  and t iming  device.  Figure 2 is t y p i c a l  o f  t h e s e  p i c t u r e s  taken a t  
a r e l a t i v e l y  high exposure. 
In  genera l ,  as  t h e  p a r t i c l e  leaves t h e  f l a sh tube  it burns wi th  no no t i ceab le  
i r r e g u l a r i t i e s .  I t  cont inues t o  f a l l  u n t i l  it reaches t h e  p o i n t  of t h e  
primary puff  where t h e r e  i s  a sudden inc rease  i n  b r igh tness .  
The ind ica t ed  events  were observed repea ted ly .  
The b r igh tness  
. ' .  
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r a p i d l y  decreases  and then  t h e  p a r t i c l e  w i l l  g ene ra l ly  s ta r t  t o  s p i r a l .  
s p i r a l i n g  ceases  and as t h e  p a r t i c l e  cont inues t o  f a l l  i t  w i l l  suddenly f rag-  
ment, u sua l ly  producing one major p a r t i c l e .  
The 
Addit ional  d e t a i l s  o f  d rop le t  appearance and flame s t r u c t u r e  o f  f r e e -  
f a l l i n g  burning d r o p l e t s  were obta ined  by high speed Fastax motion p i c t u r e s .  
Figure 3 is  a sequence of  frames o f  a burning aluminum drop le t  impinging upon 
a g l a s s  s l i d e .  These p i c t u r e s  were taken e a r l y  i n  t h e  combustion h i s t o r y  and 
show t h e  p a r t i c l e  preceeded by a h igh ly  luminous c re scen t  shaped flame with no 
evidence of  p a r t i c l e  s p i n .  
r a t i o  of  t h e  c re scen t  shaped flame diameter t o  d r o p l e t  diameter t o  be approx- 
The d e t a i l s  of t h e s e  Fastax photographs show t h e  
imately 2 . 7 : l .  The combustion o f  t h e  d rop le t  began t o  te rmina te  when . 
t h e  f l m e  f i r s t  s t r u c k  t h e  s l i d e ;  p a r t  o f  t h e  surrounding oxide smoke 
p a r t i c l e s  were depos i ted  on t h e  s l i d e  and a p o r t i o n  upon t h e  p a r t i c l e .  
One of  t h e  d i f f i c u l t i e s  i n  c a l c u l a t i n g  t h e  drag c o e f f i c i e n t  and Reynolds 
number i s  e s t ima t ing  t h e  change i n  t h e  d rop le t  diameter  t h a t  occurs when a 
p a r t i c l e  i s  heated t o  i t s  b o i l i n g  p o i n t .  
a sphere on t h e  g l a s s  s l i d e ,  t h e  r a t i o  of t h e  diameter  immediately a f t e r  t h e  
vapor d i f f u s i o n  flame was ext inguished t o  t h e  diameter  when t h e  p a r t i c l e  was 
cool  was c a l c u l a t e d  t o  be 1.16.  This  i s  i n  agreement with values  obtained by 
a formula P ren t i ce  used t o  c a l c u l a t e  dens i ty  changes. 
appl ied  t o  va lues  o f  Reynolds number and drag c o e f f i c i e n t s  c a l c u l a t e d  l a t e r .  
Assuming t h a t  t h e  p a r t i c l e  i s  s t i l l  
This co r rec t ion  was 
A photomicrograph of t h e  quenched d rop le t  o f  Figure 3 i s  shown i n  
Figures  4 and 5 .  Figure 4 shows t h e  oxide p a t t e r n  depos i ted  on t h e  s l i d e .  
. ' .  
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I t  i s  important t o  n o t e  t h a t  t h e  r a t i o  o f  t h e  diameter o f  t h e  o u t e r  oxide 
smoke t o  t h e  p a r t i c l e  diameter is  approximately 5 : l  which is very much g r e a t e r  
than 2 . 7 : l  observed p r i o r  t o  p a r t i c l e  quench. 
p a r t i c l e  diameter r a t i o s  i n f e r r e d  from s l i d e  i n t e r c e p t i o n  must be c a r e f u l l y  
i n t e r p r e t e d .  
This suggests  t h a t  flame t o  
Figure 5 is a photomicrograph of t h e  same p a r t i c l e  i n  which t h e  s l i d e  has  
been r o t a t e d  90" t o  show a s i d e  view. 
l a r g e r  p a r t i c l e s  were squashed on impact. 
The purpose o f  t h i s  was t o  show how t h e  
High speed high magnifcation Fastax movies o f  t h e  type shown i n  Figure 3 
are c e r t a i n l y  informative b u t  they are l i m i t e d  by r ep resen t ing  only a small 
po r t ion  o f  t h e  complete p a r t i c l e  h i s t o r y  i n  each experiment. 
needed f o r  t h e  drag c o e f f i c i e n t  s tudy was a complete t r a j e c t o r y  h i s t o r y  of 
t h e  burning d r o p l e t  and i t s  flame zone. Figure 6 i s  a s i n g l e  s t i l l  p l a t e  f i l m  
on which m u l t i p l e  exposures o f  a s i n g l e  burning aluminum d r o p l e t  were photo- 
graphed while it was f a l l i n g .  
enlarged t o  show d e t a i l  of  t h e  d rop le t  and flame s t r u c t u r e .  
What was r e a l l y  
Cer t a in  po r t ions  of  t h i s  p i c t u r e  have been 
In  t h e  i n i t i a l  p o r t i o n  o f  t h e  t r a j e c t o r y  t h e  d r o p l e t  was burning i n  a 
manner s imilar  t o  t h a t  shown on t h e  s l i d e  of  t h e  Fastax movie i n  Figure 3 .  
As t h e  p a r t i c l e  continued t o  burn t h e  i n t e n s i t y  o f  t h e  flame and t h e  p a r t i c l e  
decreased somewhat with time. Suddenly t h e  p a r t i c l e  br ightened,  then t h e  
c re scen t  flame r a p i d l y  expanded, con t r ac t ed  and disappeared. 
o f  t h e  p a r t i c l e  then began t o  decrease be fo re  fragmentation. 
The luminosity 
. .  
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Drag Coef f i c i en t  and Reynolds Number 
Examination o f  t h e  equat ion f o r  t h e  drag fo rce  i n d i c a t e d  tl;lat accu ra t e  
measurements o f  V,  dV/dt, M and dM/dt were necessary t o  c a l c u l a t e  t h e  drag 
c o e f f i c i e n t .  
burning d r o p l e t  was recorded by a high speed camera. 
curve f i t t e d  and d i f f e r e n t i a t e d  t o  y i e l d  V and dV/dt. 
t h e  p a r t i c l e  i n j e c t i o n  apparatus  impacted an i n i t i a l  v e l o c i t y  t o  t h e  d r o p l e t .  
After leaving t h e  f l a s h t u b e  small d r o p l e t s  which had not  acce le ra t ed  t o  t h e i r  
terminal  v e l o c i t y  would do s o  very quickly,  whence they  would then s t a r t  t o  
d e c e l e r a t e .  
3y s l i d e  i n t e r c e p t i o n ,  and a t  t h i s  w r i t i n g  t h e  d a t a  i s  s t i l l  i n  t h e  process  o f  reduct ion.  
In t h e  experiment t h e  displacement as a func t ion  o f  time of  t h e  
This datum was then  
In  t h e s e  experiments 
Accurate values  of  t h e  mass of  l a r g e  d r o p l e t s  was no t  e a s i l y  obtained 
Figure 7 is  a graph of t h e  drag c o e f f i c i e n t  and Reynolds number on which 
t h e  s tandard drag curve and values  of C 
been shown f o r  r e fe rence .  The burning aluminum d r o p l e t  d a t a  are prel iminary 
values  f o r  t h e  smallest p a r t i c l e s  s t u d i e d ,  s i n c e  t h e i r  mass could be  a c c u r a t e l y  
est imated f o r  photomicrographs. In  t h e  expression f o r  t h e  drag f o r c e  t h e  value 
o f  dM/dt was small f o r  t h e  burning ra te  encountered and t h e  s u r f a c e  i n t e g r a l  
was neglected.  The terminal  v e l o c i t y  had been reached by t h e  time o f  i n t e r -  
cep t ion  so t h a t  dV/dt = The resul ts  i n d i c a t e  t h a t  t h e  terminal  v e l o c i t y  
and R D E f o r  burning gun powder have 
0 .  
was less than t h a t  o f  a non-burning sphere of  t h e  same s i z e  and d e n s i t y  and 
t h a t  t h e r e  was a corresponding inc rease  i n  t h e  drag c o e f f i c i e n t .  
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SUMMARY 
Examination o f  t h e  r e s u l t s  of  t h e s e  experiments i n d i c a t e  t h e  following. 
1. An aluminum drop le t  burning i n  ambient (50 percent  r e l a t i v e  humidity) 
a i r  gene ra l ly  fol lows a s e t  sequence o f  events :  
and then  fragment. 
t h e  p a r t i c l e  w i l l  p u f f ,  s p i r a l  
2. The motion of  t h e  dr'oplet r e l a t i v e  t o  t h e  s tagnant  gas c rea ted  a 
c rescent  shaped flame zone. 
3 .  A r ap id  expansion of  t h e  vapor-phase d i f f u s i o n  flame i s  assoc ia ted  
with t h e  primary puff  a f t e r  which t h e  vapor phase d i f f u s i o n  flame disappears .  
4 .  Measurements t o  c a l c u l a t e  t h e  drag c o e f f i c i e n t  and Reynolds number 
should be made abovethe primary pu f f ing  event.  
5 .  Values o f  t h e  drag c o e f f i c i e n t  and Reynolds number ca l cu la t ed  
i n d i c a t e  a seve ra l - fo ld  inc rease  i n  t h e  drag c o e f f i c i e n t  r e s u l t i n g  from com- 
bus t ion  i n  a i r .  
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